1.. INTRODUCTION
================

Over the last half of century, genetic and cellular properties of neural stem cells (NSCs) in the adult brain have been identified, and many reports have consistently addressed the adult neurogenesis in the subgranular zone (SGZ) of the dentate gyrus (DG) and the subventricular zone (SVZ) in many mammalian species, including humans ([@R5]; [@R20]; [@R11]; [@R10]). Considering the limited use of stem cells for therapeutic transplantation, the presence of NSCs in the adult brain has raised hopes for the promotion of spontaneous brain regeneration. Supporting this, injury-induced neurogenesis and neuronal migration toward injured areas have been reported. For example, focal ischemia, or traumatic brain injury, promotes cell proliferation in the neurogenic regions ([@R21]; [@R2]; [@R17]; [@R25]; [@R9]). However, the activation of endogenous neurogenesis depends on the extent and the location of the brain injury ([@R11]), and the identification of novel neurogenic regions containing NSCs should provide additional potential for neuronal repair in non-neurogenic regions such as the cerebral cortex.

Recently, the present authors and others have identified the subcallosal zone (SCZ) as a novel adult neurogenic region (Seri et al., 2006; [@R11]). The SCZ is located between the cerebral cortex and the hippocampus in the posterior brain regions. Interestingly, when the programmed cell death (PCD) of neurons was blocked by the elimination of the pro-apoptotic gene, Bax, many neuroblasts were accumulated in the SCZ, indicating that there is spontaneous production along with massive loss of young neurons in the SCZ ([@R11]). Considering that the SCZ is anatomically close to the corpus callosum and cerebral cortex, it was hypothesized in the present study that the spontaneous neurogenesis and PCD in the SCZ may have functional significance for the corpus callosum related to the cerebral cortex. In addition, although brain injury stimulates cell proliferation and migration toward the injured site, the early postnatal development and distribution of the SCZ neuroblasts remains unclear. Thus, the present study further investigated the distribution of neuroblasts in early postnatal and adult SCZ in wild type and Bax-KO mice. Moreover, for the comprehensive understanding of the function of SCZ neurogenesis, the cortex-related behavioral functions of Bax-KO mice were tested to address whether prevention of the spontaneous PCD in the SCZ interfered with cerebral cortex function.

MATERIALS AND METHODS
=====================

1.. Animals
-----------

Bax-KO mice were maintained as heterozygotes on a C57Bl/6 background. Sibling animals were collected and individually genotyped by PCR as previously described ([@R11]). For BrdU labeling, postnatal day 3 (P3) mouse pups received single injections of BrdU (50 μg/g body weight) intraperitoneally, and the animals were sacrificed 4-weeks following the BrdU injection. All experiments were carried out in accordance with the ethical guidelines of Korea University and with the approval of the Animal Care and Use Committee of Korea University.

2.. Histology
-------------

Immunohistochemical analyses were performed as previously reported ([@R22]). Briefly, mice were deeply anesthetized and perfused with 0.9% saline and 4% paraformaldehyde solution. Following overnight post-fixation in the same fixative, brains were cryoprotected in 30% sucrose solution. Brains were sectioned and collected serially (40 μm thickness) and stored on 50% glycerol/50% PBS solution at --20°C until use. For BrdU staining, sections were pre-treated with 0.2 N HCl for 1 h at 37°C, washed with PBS, and blocked with 3% BSA and 0.1% Triton X-100 in PBS for 30 min. Primary antibodies were applied overnight: anti-DCX (1:1,000; Santa Cruz Biotechnology), anti-BrdU (AbDSerotec), anti-SV2 (HDB), anti-SV2 (HDB). After several washes with PBS, appropriate secondary antibodies were applied for 30 min. Subsequently, sections were washed, mounted, and observed using a confocal microscope (Zeiss LSM510 and 700, Goettingen, Germany).

3.. Acoustic startle response test
----------------------------------

Mice received the test in a transparent plastic restrainer (5 cm diameter×10 cm) situated in a sound-attenuating chamber with background noise of 65dB. Startle responses were measured by load cell, amplified, and stored into the computer (LabVIEW). Before the start of the experiment, mice were acclimated in the restraints for 20 minutes. The mice receive no stimuli except a 65 dB background noise during a 5 min acclimation period. At the beginning of the experiment, mice were exposed to 100 dB startle stimuli (SS) three times, since the early responses to the SSs are quite different from the responses throughout the whole experiment. Subsequently, 88 trials were conducted, which consisted of pseudo-random delivery of 11 kinds of the acoustic stimuli: 70 dB to 120 dB with 5 dB intervals. All trials were presented with an average ITI of 15 s (range 5--30 s). Data were collected for 65 ms from the onset the startle stimulus and the maximum response during the 65 ms-period was used in the analysis.

4.. Open field test
-------------------

The test arena was a gray Plexiglas arena (50×50 cm) enclosed by walls (25 cm height) and illuminated by a dim light. Mice were placed in a center, and their movements were recorded for 10 min by a tracking system (SmarTrack). The time spent in the center square (30×30 cm) was recorded. The ratio of the time spent in the center to 10min was calculated and used as a measure of anxiety-related behavior.

5.. Elevated plus maze
----------------------

The arena of the elevated plus maze (EPM) had the shape of a plus sign with four 30-cm-long and 5-cm-wide arms, connected by a 5×5 cm center area. Two opposing arms were bordered by 25 cm high walls (closed arms), whereas the other two arms (open arms) were bordered by a 0.3 cm rim. The plus was elevated 75 cm from the floor. The mouse was placed in the center facing an open arm and observed for 10 min. The observer measured the time spent in the open and closed arms (calculated as when all the four paws were on an arm). This parameter was taken as measuresof anxiety-related behavior.

6.. Statistical analysis
------------------------

Statistical significance of the experiments was evaluated using two-tailed (α=0.05) one-way repeated-measures ANOVA with Scheffe's multiple comparison (startle response test) and *t*-test (open field test, EPM). All analyses were performed using SPSS software (Chicago, IL), and all values are given as the mean±standard error of the mean (SEM).

RESULT
======

1.. Postnatal development of the mouse SCZ
------------------------------------------

In the 15 day-old wild-type (WT) mouse brain, many neuroblasts expressing doublecortin (DCX) were found along with the lateral and dorsal aspects of the SVZ of lateral ventricle (Fig. [1A, c, red](#F1){ref-type="fig"}), Therefore, the SVZ and the SCZ were closely positioned at this stage, and many densely clustered DCX-expressing neuroblasts were found in the SCZ (Fig. [1A, e](#F1){ref-type="fig"}), suggesting that SCZ NSCs are originated from the posterior extension of the SVZ lateral wall. In this stage, a few neuroblasts were also found in the primary dentate matrix (Fig. [1A, d](#F1){ref-type="fig"}), which is an origin of DG progenitors and granule cells (Fig. [1A](#F1){ref-type="fig"}). However, with further separation of the SVZ and SCZ, the amount of neuroblasts appeared to be reduced both in the SVZ (Fig. [1B, f](#F1){ref-type="fig"}) and SCZ (Fig. [1B, h](#F1){ref-type="fig"}) at P30 (Fig. [1B, f--h](#F1){ref-type="fig"}). In addition, DCX-expressing neuroblasts completely disappeared in the primary dentate matrix (Fig. [1B, g](#F1){ref-type="fig"}). Therefore, it appears that the neuroblasts are actively produced during the early postnatal development. However, with reduction of neurogenesis in surrounding regions, proliferation of SCZ stem cells appears to be reduced progressively.

![**Distribution of DCX expressing neuroblasts (red) at postnatal day 15 (A, c--e) and day 30 (B, f--h).** Enlarged image of inset in A and B, lateral ventricular wall (c, f), primary dentate matrix (d, g), subcallosal zone (e, h). LV: lateral ventricle, GCL: granule cell layer, SCZ: subcallosal zone.](devrepro-17-179-g001){#F1}

2.. Programmed cell death of early postnatally generated neuroblasts in the SCZ
-------------------------------------------------------------------------------

Considering that there is virtually no mature neuron in the WT SCZ, the neuroblasts produced during the postnatal stage should be eliminated. Consistently with this, the present authors previously reported the massive PCD of neuroblasts in the SCZ, which are dependent on the Bax function ([@R11]). To trace the fate of early postnatally produced neurons, newly produced cells were selectively labeled by single injection of BrdU at P3, and the survival of these BrdU-labeled cells on P30 was examined (Fig. [2](#F2){ref-type="fig"}). In WT, whereas many BrdU-labeled cells remained in the DG and molecular layers, BrdU-labeled cells were seldom found in the SCZ (Fig. [2](#F2){ref-type="fig"}, [A](#F2){ref-type="fig"}, [C](#F2){ref-type="fig"}, [E](#F2){ref-type="fig"}, [F](#F2){ref-type="fig"}). On the other hand, the Bax-KO SCZ contained many BrdU labeled cells (Fig. [2](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}, [D](#F2){ref-type="fig"}, [G](#F2){ref-type="fig"}, [H](#F2){ref-type="fig"}), suggesting that a large amount of newly produced cells during the early postnatal stages were eliminated by Bax-dependent PCD within the SCZ.

![**Distribution of mature neurons in the adult (2 months-old) SCZ.** (A) Distribution of BrdU labeled neurons which born at postnatal day 3 (green) in the adult WT mouse and (B) Bax-KO mouse. (C--D) BrdU^+^ cells are depicted by red dots. (E) BrdU^+^ cells in the WT medial SCZ, (F) lateral SCZ, (G) in the Bax-KO medial SCZ, (H) lateral SCZ.](devrepro-17-179-g002){#F2}

3.. Synaptic integration of Bax KO-rescued SCZ neurons
------------------------------------------------------

Because a subset of SCZ cells in the Bax-KO can differentiate into mature neurons ([@R11]), here we examined the maturation of synapse formation within the SCZ of Bax-KO mice at two and six months. Using immunostaining method, we compared the expression of synaptic vesicle protein 2 (SV2), which is important for the neural transmission, in the Bax-KO SCZ (Fig. [3A](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}). However, significant SV2 immunoreactivity in the SCZ of WT mice (Fig. [3A](#F3){ref-type="fig"}, [B](#F3){ref-type="fig"}), was not identified; many cells in the 6-month-old Bax-KO SCZ were immunoreactive for SV2 (Fig. [3C](#F3){ref-type="fig"}, [D](#F3){ref-type="fig"}, d' and d''). On the other hand, 2-month-old Bax-KO SCZ had fewer SV2 immunoreactivities. Therefore, although initial neurogenesis occur in early postnatal stages, their maturation and the synaptic integration may require longer periods (\>2 months) in Bax-KO mice.

![**SV2 expressing synaptic SCZ neurons in young (2 months-old) mouse (A, C) and aged (6 month-old) mouse (B, D).** There is no SV2 expressing cell in the WT SCZ (A, B); however SV2 expressing cells are increased in aged Bax-KO mice (D) compared to young Bax-KO mice (C). Enlarged image of inset in D is d' and of inset in d' is d''.](devrepro-17-179-g003){#F3}

4.. Cerebral cortex-related behaviors of Bax-KO mice
----------------------------------------------------

Because the SCZ is located between corpus callosum, excess neurons within the Bax-KO SCZ may affect brain function related with corpus callosum or corticostriatal connection. Thus, the functional alteration in the aged Bax-KO mice was examined. It is well known that the abnormal corpus callosum and related cerebral cortex lead to a deficit of sensory-motor gating ([@R1]; [@R7]; [@R18]). Thus, we used acoustic stimulated startle reflex test to evaluate the sensory-motor gating function in Bax-KO mice. When various acoustic stimuli were applied to 2-month-old and 6-month-old mice, it was found that the startle response of the latter but not the former was significantly higher from 100 dB stimuli compared to the WT littermates (Fig. [4A](#F4){ref-type="fig"}, [B](#F4){ref-type="fig"}). In addition, anxiety level is known to be affected by abnormal connection in corpus callosum ([@R24]). Thus, anxiety level of Bax-KO mice was also examined. Similarly to the startle responses, only aged (6-month-old) Bax-KO mice spent more time in the center of square open arena than WT littermates (Fig. [4C](#F4){ref-type="fig"}). Furthermore, in the EPM tests, both young and aged Bax-KO spent longer time in open arms compared to the WT littermates (Fig. [4E](#F4){ref-type="fig"}, [F](#F4){ref-type="fig"}). These two results suggest that the anxiety level of Bax-KO mice was significantly decreased. Collectively, these results suggest that Bax-KO mice exhibit SCZ-dependent behavioral defects.

![**Behaviors of Bax-KO mice.** (A, B) Acoustic startle reflex test in young mouse (A) and aged mouse (B). Mean± SEM, \**p*\<0.05, One-way repeated measured ANOVA. (C--E) open field test in young group (B) and aged group (C). (F--H) Elevated plus maze test in young group (E) and aged group (F). Mean±SEM, \**p*\<0.05, *t*-test.](devrepro-17-179-g004){#F4}

4.. DISCUSSION
==============

The SCZ is located between the hippocampus and the corpus callosum, which is compacted with fiber bundles. Embryonically, along with the hippocampal development, the caudal extremity of the posterior horn of the lateral ventricle is progressively narrowed from E14.5 ([@R19]). At the end, the wall of posterior lateral ventricle is bent above the hippocampus and enfolded with corpus callosum around E18.5 in rodent. Finally, the narrow posterior lateral ventricle is completely collapsed after birth. Considering the collapsed posterior LV become SCZ, the SCZ and SVZ are anatomically continuous, and the progenitors in these regions may share many similarities ([@R4]). Supporting this, both SCZ and SVZ-derived NSCs showed similar potency to produce neurons *in vitro* (Seri et al., 2007). Furthermore, the preliminary analysis of transcriptome by microarray indicated that \>99% of their gene expression profiles were similar (data not shown). As SVZ NSCs produces olfactory bulb neurons during the early postnatal development, it is reasonable to speculate that nearly SCZ NSCs also have similar proliferative potentials. Supporting this, it was found that early postnatal SCZ exhibited strong neurogenic properties. Even though these two NSC populations were globally similar and both regions produce massive neuroblasts, most neuroblasts generated from SCZ die, whereas neuroblasts from SVZ normally migrate to the olfactory bulb, and a large proportion (\>50%) of them survive ([@R16]; [@R13]). Considering that SCZ is anatomically encapsulated by white matter, neurons in this area do not normally have an exit for cell migration or axonal projections. It is known that the survival of immature neurons is highly dependent on their ability to form synaptic connections with target neurons and ability to obtain sufficient tropic signals. The present authors have previously demonstrated that the Bax gene is essential for the execution of PCD during the provisional synaptic formation stages ([@R6]; [@R23]; [@R13]; [@R14]; [@R11]). Considering that PCD in the SCZ is also Bax-dependent, these results suggest that the inability of neuroblasts in the SCZ can cause massive PCD.

It is as yet unclear as to the biological function of spontaneous production of neuroblasts in the SCZ, because most produced neuroblasts are eliminated via Bax-dependent apoptotic pathways. Thus, to assess the significance of PCD of the SCZ neuroblasts, the present study examined the functional alteration of Bax-KO mice, which have the survived SCZ neurons. It was hypothesized that survived SCZ neurons in Bax-KO mice might form synaptic connections with extra-SCZ neurons and affect normal brain functions. Interestingly, it was found that the sensory-motor gating function was severely impaired in the aged Bax-KO mice. It has been reported that abnormal corpus callosum leads to a deficit of sensory-motor gating ([@R1]; [@R7]; [@R18]), suggesting that the presence of SCZ neurons could negatively influence the corpus callosum-dependent brain functions. Interestingly, these behavioral alterations were significant only in the 6-month-old Bax-KO mice, even though accumulation of neuroblasts in the SCZ in Bax-KO mice was also prominent in 2-month-old mice. It was found that synaptic innervations of these survived neurons in Bax-KO mice appeared to take long periods, and the age-dependent increase in the SV2-immunoreactivities in the Bax-KO SCZ was observed. Accordingly, it was reasoned that SCZ-dependent phenotypes could be age-dependent. The impairment of corpus callosum is also associated with alterations in anxiety levels ([@R24]). When the postnatal lesion was given to corpus callosum, anxiety level was also reported to be decreased in the EPM test ([@R24]). Accordingly, it was found that the anxiety levels of Bax-KO mice were significantly lower than those of WT littermates, as revealed by two different behavioral test: open field and EPM tests. These phenotypes were found in the young (2-month-old) Bax-KO mice, raising the possibility that anxiety-related behaviors are more sensitive to the impairment of SCZ. Collectively, these results indicate that accumulation of ectopic neurons in the SCZ may impair the corpus callosum-related behaviors. Therefore, active elimination of the neuroblasts in the SCZ appears to be necessary for the maintenance of normal brain functions. However, the possibility that the behavioral alterations in Bax-KO mice are associated with the impairment of other brain regions, such as hippocampus ([@R14]) and olfactory bulb ([@R13]; [@R15]), cannot be completely excluded. Further comprehensive analyses of the behaviors and the anatomical correlations are required to clarify this issue.

Currently, the significance of neuroblast formation in the SCZ is unclear. However, SCZ NSCs can produce neurons following brain injury. Various methods for the amplification of those aNSC population, directional differentiation, and promotion of survival within the pre-existed mature neurons have been investigated following brain injury ([@R21]; [@R2]; [@R17]; [@R25]; [@R9]). Once the cortex is injured, not only SVZ and DG ([@R3]; [@R8]; [@R9]), but also the SCZ neuroblasts are significantly increased ([@R11]). Thus, the SCZ stem cells may be a useful source for supplying neurons and/or glia when it is necessary.
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